Objective: To assess cognitive functioning in adolescents (12-17 years old) with schizophrenia during open-label treatment with paliperidone extended-release (pali ER). Methods: In this exploratory analysis, adolescents treated with pali ER (oral, flexibly dosed, 1.5-12 mg/day) underwent cognitive assessments at baseline and month 6 using a battery of cognitive tests validated in adolescents. Correlation analysis was used to explore the relationship between cognitive assessments and clinical symptoms (Positive and Negative Syndrome Scales [PANSS] and factors) and functionality (Children Global Assessment Scale [CGAS]) at baseline and at 6 months. Results: A total of 324 of 393 patients had evaluable neurocognitive data. Changes in cognition function tests from baseline to endpoint were generally small to modest, with improvement noted for most cognitive domains (motor speed, attention/working memory, verbal learning and memory, social cognition, speed of processing, executive functioning). No improvement was noted for visual learning and memory. At baseline, there were modest negative correlations between disorganized thoughts and most cognitive domains; these correlations persisted at 6 months. Other significant negative correlations at 6 months were between speed of processing and PANSS total score, positive symptoms, negative symptoms and uncontrolled hostility (p < 0.05). At 6 months, higher CGAS scores (improved functioning) positively correlated with speed of processing and executive functioning, especially among pali ER responders. Conclusions: In this large sample of adolescents with schizophrenia, frank cognitive deficits across multiple domains were observed. Treatment with pali ER over 6 months did not worsen neurocognitive functioning and was possibly associated with positive improvement in certain domains.
Introduction
Schizophrenia is a serious, lifelong illness with devastating effects on development and functioning. Individuals with early onset of schizophrenia (< 18 years of age) often have a worse clinical course and poor achievement in school (Rapoport and Gogtay, 2011) . In addition, children and adolescents with schizophrenia have significant cognitive deficits, which are persistent and continue into adulthood (Kremen et al., 2010) . Cognitive deficits are also present in children who go on to develop schizophrenia in adulthood, suggesting that these deficits likely pre-date the index diagnosis (Reichenberg et al., 2010) . A decline in cognitive performance during adolescent years has been associated with schizophrenia and psychosis more broadly (MacCabe et al., 2013) and may be predictive of risk even when occurring prior to prodromal symptoms (Gur et al., 2014; Kendler et al., 2016) . Generally, cognitive deficits are modestly improved with antipsychotic treatment but often persist despite improvements in psychotic symptoms or functioning (Cervellione et al., 2007) . Although treatment with atypical antipsychotic medications can significantly and rapidly alleviate positive and disorganized symptoms, neurocognitive symptoms may take longer to recover, and some deficits may remain despite effective antipsychotic treatment (Emsley et al., 2006) . As no known treatments exist for cognitive symptoms of schizophrenia, these deficits contribute more to poor overall functioning than psychotic symptoms and may result in chronic disability (e.g. inability to work or live autonomously) underscoring the important unmet need for medicines that stabilize or improve cognition.
Paliperidone extended-release (pali ER) is approved in the United States (US), European Union (EU) and many other countries for treating schizophrenia in adults, and in the US, EU, China, and many other regions for treating schizophrenia in adolescents (12-17 years; EU: 15-17 years) (Invega, product information). Several studies have demonstrated short-term and long-term efficacy and safety of paliperidone in adolescents with schizophrenia (Savitz et al., 2015a; Savitz et al., 2015b; Singh et al., 2011) . Although it is known that paliperidone may lead to additional cognitive and social functional improvements in adults and elderly patients (Singh et al., 2011; Suzuki et al., 2014) , little information is available on the long-term effect of pali ER on cognitive function in adolescents with schizophrenia. A long-term (2 year), openlabel (OL), flexible-dose pali ER safety study (NCT00488319) (Savitz et al., 2015a) demonstrated that the safety profile of pali ER in adolescents was consistent with the known profile of pali ER in adults (Emsley et al., 2008; Marder et al., 2007; Meltzer et al., 2008) and of risperidone in adolescents (Emsley et al., 2008; Findling et al., 2010; Haas et al., 2009; Harrington and English, 2010) as well as its long-term efficacy in treating the symptoms of adolescent schizophrenia. The current exploratory analysis from this OL pali ER study was designed to evaluate the change in cognitive functioning and whether there is a relationship between cognitive deficits and functioning, and to examine correlations between functioning and cognition among patients demonstrating improvement with 6-month pali ER treatment in adolescents with schizophrenia.
Methods
The primary long-term safety study with details of study design, inclusion and exclusion criteria is described elsewhere (Savitz et al., 2015a) . Briefly, adolescents (12-17 years old) with schizophrenia (diagnosed as per the Diagnostic and Statistical Manual of Mental Disorders, 4 th Edition [DSM-IV] criteria) were enrolled. Patients could enter the study directly or were eligible after completion of a doubleblind, placebo-controlled, 6-week efficacy study of pali ER or after discontinuation of that study due to lack of efficacy but having completed a minimum of 21 days of the study. Patients were excluded if they had a diagnosis of major psychiatric disorder other than schizophrenia or suspected history of substance dependence according to the DSM-IV criteria in the 3-months before screening. Pali ER was flexibly dosed from 1.5-12 mg/day. The study consisted of a screening phase and washout phase of a maximum of 21 days (only for patients who directly enrolled), an open-label treatment phase of up to 2 years, and a post-treatment (follow-up) visit 1 week after the patient's final dose of study drug. Prior to study amendment, the initial study duration was 6 months and some patients had an option to discontinue after receiving 6 months of treatment.
An Independent Ethics Committee or Institutional Review Board approved the protocol for each site; ethical standards were followed in accordance with the Declaration of Helsinki and consistent with ICH Good Clinical Practices, along with local regulatory requirements. Informed consent was obtained from parents or legal guardians for each participant, along with the adolescent's assent.
Assessments
The efficacy endpoint was the change from baseline in the positive and negative symptom scale (PANSS) total score at the end of the OL phase. Other endpoints such as Marder factor scores [positive symptoms, negative symptoms, disorganized thoughts, uncontrolled hostility and anxiety/depression] and Children Global Assessment Scale (CGAS) were also evaluated. Cognition was an exploratory endpoint in this study. Cognitive data were collected for the first 6 months of this 2-year study to evaluate the impact of treatment with pali ER on cognitive functioning. Cognitive assessments were performed at baseline and 6 months using a battery of cognitive tests validated for use in adolescents with Schizophrenia. This battery assesses multiple cognitive domains, comparable to those assessed in the Measurements and Treatment Research to Improve Cognition in Schizophrenia (MATRICS) cognition assessment battery used for assessment in adults. Seven cognitive domains were assessed: speed of processing, motor speed, attention/working memory, visual learning and memory, executive functioning (reasoning and problem solving) and social cognition (Table 1) . Language-based tests that were only available in English were either replaced with alternate versions (i.e., Trails A and B with Color Trails Test), or eliminated for non-English speaking patients (i.e., California Verbal Learning Test [CVLT]).
Statistical analysis
Neurocognitive data were evaluated in all patients of the intent-totreat (ITT) analysis set (all enrolled patients who received at least one dose of study medication and had both baseline and at least one postbaseline assessment for any of the efficacy variables) and had a baseline neurocognitive assessment score for any test.
Each completed cognitive assessment battery was collected and scored by a centralized group. Raw scores for each relevant variable for Wisconsin Card Sort Test (WCST) T-score (mean = 50, SD = 10) Trail Making Test-Part B Z-score (mean = 0, SD = 1) Social cognition Theory of Mind Test Total score (raw score, values not standardized) each cognitive test were computed and tabulated. Neurocognitive test results (raw scores) were compared with age-and (where available) sex-based normative data and converted to standardized units (z-scores or T-scores). Reference data were not available for the Theory of Mind test, so only raw scores were used to reflect performance on this test. The absolute score cannot be fully interpreted for clinical meaning, however, change from baseline can be used to note improvement. Scaled score data for each neurocognitive test were summarized descriptively, and the change from OL baseline to 6-month endpoint was presented for each of the tests using the last observation carried forward (LOCF) approach. Correlation analysis was used to explore the relationship between cognitive assessments and clinical symptoms (PANSS total score, factors [positive symptoms, negative symptoms, disorganized thoughts, uncontrolled hostility and anxiety/depression] and functioning [CGAS] ). Correlations among patients treated with pali ER with improved symptom scores (responder) as assessed by at least 20% improvement in PANSS total score at month 6 were also conducted. Differences in mean changes from baseline to month 6 in selected neurocognitive scores were assessed by (1) responder status, and (2) use of anticholinergic medications. No adjustment for multiple comparisons was undertaken.
Results

Patient demographics
Overall, 400 patients were enrolled in this OL study conducted in 10 countries (Bulgaria, Estonia, Finland, India, Korea, Poland, Romania, Russia, Ukraine, the US). Of these, 220 patients (55%) completed the study while 180 (45%) withdrew from the study due to patient choice (17%), lack of efficacy (11%), adverse events (AEs, 7%), lost to follow up (6%), or other reasons (4%). A total of 393 patients were included in the ITT analysis set. The mean (SD) age of patients was 15.4 (1.55) years, 61% were boys, and 67% were white. Mean (SD) baseline PANSS score before OL start was 91.0 (12.92) ( Table 2) .
A total of 324 patients had evaluable neurocognitive data at baseline and at least one other time point during the 6-month evaluation period; the number of patients with evaluable data varied between tests. Demographic characteristics of patients with evaluable cognitive data were generally similar to those of the overall study population. Seven countries participated in the cognitive testing portion of the study (India, Korea, Russia, Poland, Romania, Ukraine, and the US).
Cognitive changes with paliperidone treatment
At OL baseline, patients were 0.5 to 2 standard deviations below normative reference scores for same-age peers in cognitive performance across most neurocognitive tests, with the exception of Wisconsin Card Sort Test (WCST) Total Errors, which was in the average range (Table 3) . Changes in cognitive test scores from baseline to endpoint were generally small to modest, with improvement noted on most tests and in most cognitive domains. No notable improvement was observed for the visual learning and memory domain. However, small improvements from baseline to endpoint were observed for the domains of motor speed, attention/working memory, verbal learning and memory, social cognition, speed of processing, and executive functioning (reasoning and problem solving) (Table 3 ). In the executive functioning domain, the Trail Making Test-B-showed slight worsening, while the more extensive and complex WCST-Total Errors showed improvement. There was either a slight improvement or slight worsening in the speed of processing domain: Child Color Trails Test-1 Time, Phonetic Verbal Fluency, and Semantic Verbal Fluency improved slightly, while graphomotor speed worsened slightly (Table 3) . Given the potential impact of somnolence and concomitant medications such as anticholinergic drugs on cognition, the data was reviewed. A total of 18.3% of patients experienced somnolence as an AE at any time during the open-label periodsomnolence (time-limited). EPS-related AEs were mostly mild to moderate in severity, and only 5 patients in the overall study discontinued due to a potential EPS-related AE. The overall incidence of tremor during the entire open-label period was 11%, although it is unclear whether this accounted for changes in graphomotor speed.
Relationship between symptoms, functioning and cognition
At baseline (Table 4) , there was modest negative correlation between disorganized thoughts and cognitive domains (speed of processing, attention/working memory, verbal learning & memory, and social cognition) which persisted at month 6. Other negative correlations at month 6 were between speed of processing and PANSS total score, positive symptoms, negative symptoms and uncontrolled hostility. Executive functioning at month 6 also negatively correlated with PANSS total score, positive symptoms, disorganized thought, uncontrolled hostility and anxiety/depression. At 6 months, higher CGAS score (improved functioning) positively correlated with speed of processing and executive functioning and these correlations were more pronounced in patients who improved with treatment (Table 4 ). In nonresponders, CGAS positively correlated at month 6 with visual learning and memory. Changes in cognition were mostly unrelated to symptom or functional improvement at 6 months (Table 5) , with modest correlations observed between improved functioning and improved executive function and social cognition. AEs and concomitant medications were closely monitored in the study. Given that certain AEs or medications may have impacted cognitive functioning, observation of cognitive outcomes was conducted for those patients experiencing AEs of potential cognitive relevance. The main AE in this categorysomnolenceoccurred in a total of 23% of patients overall at any time during the course of the study. These events occurred more frequently in patients previously on placebo in the double-blind study, or started de novo on open-label pali ER than those previously randomized to pali ER in the double-blind study. Events of somnolence were generally time-limited, of mild to moderate intensity, and did not result in study discontinuation. There was no distinct pattern of effects suggesting a greater cognitive deficit in these patients. Additionally, the use of anticholinergic medication was lower during the study than prior to the studydeclining from 35% to 25% over the entire study period; no patient discontinued due to cognitive impairment, and the overall rate of reported cognitive AEs was low (< 5%). Results based on mean changes from baseline to month 6 in selected neurocognitive scores show numerical improvement being higher among those who also responded to treatment (Fig. 1) . However, those receiving anticholinergic medications showed smaller improvements on certain domains than patients not taking anticholinergic medication (Fig. 2) .
Discussion
In this long-term 2-year study, adolescents with schizophrenia with clinically relevant impairment when treated with pali ER did not report worsening on cognitive measures at 6 months for several domains in a large sample of over 300 adolescents. Clinical symptoms were modestly associated with select neurocognitive deficits at baseline. Improvements in cognition appeared to be most notable in those patients who demonstrated a response to antipsychotic treatment. Following pali ER treatment, the observed changes in neurocognition were weakly associated with the small changes in positive symptoms, negative symptoms, disorganized thoughts, uncontrolled hostility, and anxiety symptoms (Savitz et al., 2015a) . The PANSS scores negatively correlated with cognition in overall patients as well as in patients who responded to pali ER, both at baseline and 6 months. However, the CGAS positively correlated with speed of processing and functioning, especially in patients who improved with pali ER treatment (Table 4 ).
In the present study, the degree of baseline impairment can be considered mild to moderate in the domains of verbal learning, working memory, sustained attention, processing speed, and verbal productivity. These baseline impairments in cognition are consistent with those from published studies of early-onset schizophrenia: other samples of adolescents with early-onset schizophrenia have shown similar cognitive deficits (Juuhl-Langseth et al., 2014; Kravariti et al., 2003) .
A pattern of cognitive decline may also be a good predictor of later onset of schizophrenia in adolescence. Similar deficits are observed in children and adolescents on the psychosis spectrum who may not yet have developed a full-blown episode of schizophrenia (Gur et al., 2014) and also those who may be at ultra-high risk for development of psychosis (Niendam et al., 2006) . In contrast, adults with chronic schizophrenia often have more pervasive and severe cognitive deficits.
Our results are consistent with the findings of the earlier Clinical Antipsychotic Trials of Intervention Effectiveness (CATIE) study, which demonstrated that all of the antipsychotic treatment groups (olanzapine, perphenazine, quetiapine fumarate, risperidone, and ziprasidone hydrochloride) showed a small improvement in neurocognition as measured by change in a composite score derived from 11 neurocognitive tests after 2 months of treatment. However, there was no significant difference between the groups. Neurocognitive improvement was found to contribute to the overall effectiveness of some of the antipsychotic treatments as measured by time to discontinuation (Keefe et al., 2007) . Learning; Z scores have a mean = 0, and SD = 1, T-scores have a mean = 50, and SD = 10, and scaled scores have a mean = 10, and SD = 3.
G. Pandina, et al. Schizophrenia Research: Cognition 20 (2020) 100173 There have been few treatment studies of early-onset schizophrenia (EOS) that also assessed cognitive functioning over time. In one such study, the Treatment of Early-Onset Schizophrenia Spectrum Disorders or TEOSS (Clinicaltrial.gov NCT00053703), a similar small positive change in cognition, though these changes were not statistically significant when controlling for multiple comparisons (Frazier et al., 2012) . The current data support a modest relationship between neurocognitive improvement and treatment adherence. However, changes in cognition were mostly unrelated to symptom or functional improvement. Overall, there was a modest positive change in cognitive measures although change could be expected given the normal temporal cognitive development of adolescents. However, there is insufficient evidence whether adolescents with schizophrenia have the same level of cognitive improvement as typically developing adolescents in the brief time period examined. This analysis was limited by the exploratory nature and inadequate power to detect differences between time points. Additionally, the tests were not completed at all time points for all patients, and hence may not be classified as a true ITT analysis. The verbal learning and the memory tests were conducted only in the English language, with some of them being performed only in the US, further restricting the sample size and the conclusions drawn from the study. At the time this study was conducted, validated cognitive batteries were not available to evaluate cognitive effects of new treatments in adolescents with schizophrenia. A modified neuropsychological battery with tasks mirroring those available in the MATRICS battery was selected in this study based on the relationship of the measures to critical functional outcomes (Suzuki et al., 2014) . These outcomes are also known to be impaired in those at high risk for developing a psychotic disorder and across the lifespan for those with a schizophrenia spectrum illness. The current study adds to the historical data in our understanding of cognitive functioning in adolescents with schizophrenia, and the potential impact of antipsychotic treatment.
There are some limitations to the study. The original study duration was only planned for a 6-month duration at the time of study design, and thus cognitive and other evaluations were planned for the 6-month study end. The protocol was later amended to increase the study duration to 2 years, and it was decided not to include cognitive 
Conclusions
Adolescent patients with schizophrenia demonstrated significant cognitive deficits on a comprehensive neuropsychological battery. Treatment with pali ER in this OL study did not result in worsening of neurocognitive functioning and was possibly associated with positive improvements in certain domains of cognitive functioning in adolescents with schizophrenia, some of which were associated with treatment response.
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